Abbreviations: E, embryonal day; IHC, inner hair cell; OHC, outer hair cell; P, postnatal day; SGN, spiral ganglion neuron.
Introduction
It is generally assumed that synaptic activity is dispensable for establishment of synaptic networks (111, 129) but important for their refinement (e.g. (136, 138) in vertebrates.
However, deeper investigation of this issue is hampered by the complexity of the central nervous system. For this reason, systems with less complex and well-ordered synaptic connectivity like the organ of Corti, the hearing organ of mammals, may serve as a valuable system to study circuit establishment and refinement. There, sensory information is transmitted from hair cells onto spiral ganglion neurons (SGNs) at specialized afferent synapses -the ribbon synapses and modulatory top-down control is exerted by neurons of the superior olive forming efferent synapses on hair cells and postsynaptic boutons.
Here we review i) structure and features of the afferent and efferent innervation of the organ of Corti; ii) developmental changes of hair cells and their innervation and iii) factors regulating this development. We discuss how in the organ of Corti, both establishment and refinement of the afferent innervation of the inner hair cells (IHCs) are independent of presynaptic activity (firing of Ca 2+ action potentials and neurotransmitter release), while the refinement of the efferent synaptic innervation at the IHC (elimination of the axosomatic efferent synapses) requires the occurrence of normal Ca 2+ signaling inside the IHC. We focus on findings in mice, where the potential for genetic manipulation meets with the typical anatomy of the mammalian organ of Corti enabling insights into the mechanisms that regulate development of innervation. This way we deal with a single time axis of development within the limits of what is possible given that the data were derived from different strains and of colonies bred in different laboratories.
Where no corresponding data are available for mice, data from other rodents (rat, hamster) will be considered. Excellent reviews are available on the development of afferent (18, 29, 137) and efferent (115, 117) systems of the inner ear, of axonal guidance cues (23, 134) as well as on the developing auditory system in general (2, 103) .
Innervation of the organ of Corti
The organ of Corti is a suitable model for analyzing circuit formation and refinement. Corti and is maximal in the middle cochlear region (10-24 kHz), which transmits sounds with the highest sensitivity (19, 25, 58, 80 OHCs. The number of efferent synapses in the mouse organ of Corti was estimated by
Maison and coworkers (69) . They showed that the density of efferent boutons contacting
OHCs depends on the tonotopic position in the cochlea, similar to the number of the IHCs afferent synapses, and rises from 1 contact per OHC in the very apical or basal part of the cochlea to 3 boutons per OHC in the 10 kHz region. At the same time the authors found a rather uniform density of efferent innervation in the IHC region along the cochlear spiral. In contrast to other species (cat (64), guinea pig (17)), no radial gradient of efferent OHC innervation was observed.
According to their morphology, synapses in the organ of Corti can be divided into two types -"conventional" efferent synapses (Fig. 1B ) and afferent ribbon synapses ( The postsynaptic membrane of these synapses is characterized by the "sub-synaptic cistern" (Fig. 1B) (122, 127) and neuronal SNAREs seem to be missing ((90) but see (127)).
Early development of the circuitry
Innervation of the emerging mouse cochlea begins well before the organ of Corti is an apical-to-basal gradient (77) . Postmitotic SGNs immediately start sending their processes to the differentiating prosensory epithelium, so that the fibers can be first visualized at E10.5 (22) . The initial phase of afferent fiber outgrowth (up to E12.5 in mouse embryos) is directed by the otocyst (chicken (40)) but is neurotrophin independent (123) . The mouse otocyst is innervated by afferent fibers as early as E11.5 (98) and efferent (28) fibers at E12. However, at E12.5 peripheral projections of the SGNs are branched and tangled, and change their appearance to single unbranched fibers in the base of the cochlea only at E15.5 (55) as a result of the first phase of fiber pruning. The development of innervation proceeds in parallel with the differentiation of the prosensory epithelium, which presumably starts already in the otic cup at E9 (83); see (48) for review). At E14.5 Atoh1 -one of the key transcription factors necessary for hair cell differentiation -is expressed in the mid-basal turn of the organ of Corti (14) . Also at E14.5 physiological differentiation of IHCs becomes evident by the appearance of a small potassium current (70) . Half a day later, the development of stereocilia begins in the IHCs of the mid-basal turn (65) , and, probably with a short delay, like in other mammals, in the OHCs (for reviews see (48, 84, 96) ). At E15.5, IHCs localized in the base of the cochlea can be recognized by enhanced expression of the hair cell marker proteins myosin VIIa and Atoh1 (15, 135) . At the same time and in the same region of the organ of Corti, OHCs only begin to express myosin VIIa in a modiolar to strial gradient (15) . The lag in the differentiation of the OHCs persists also after birth (1).
According to the morphological analysis of Nishida and coworkers (88) the delay in maturation of the apical hair cells is about 2-4 days.
Afferent synaptogenesis in the organ of Corti
At present it is not exactly known when synaptogenesis in the mouse organ of Corti begins. First evoked exocytic membrane capacitance changes were recorded as early as E16.5 (45). However, neurotransmitter release in neurons is known to start before the synaptic contact is formed (34). At the morphological level, in rats, the first afferent synaptic-like contacts were described for E18 (97) . In newborn mice, contacts between nerve endings and hair cells at the base of the organ of Corti were first documented in (53) . However, no distinction was made between IHCs and OHCs. In a later study (114) The formation of the hair cell ribbon synapse was described in detail by
Sobkowicz and coworkers in neonatal mice (120) . At the morphological level they distinguished two major developmental stages: i) formation of the presynaptic complex, 
Postnatal maturation of IHCs and their afferent innervation
IHCs and their innervation undergo a complex process of postnatal maturation that has recently been studied using functional and morphological approaches. After a brief general introduction we will focus on changes related to afferent and efferent (11, 56, 72) and are efficient triggers of exocytosis (8, 11, 33, 46) . In parallel to the postnatal increase of number of afferent synapses (Fig. 3 The appearance of additional potassium conductances around the onset of hearing has early on been considered as a mechanism disabling action spiking ( Fig. 5B) (51, 57) , which is developmentally upregulated in IHCs (Fig. 5B ) (92) and OHCs (73) and contributes to setting their resting membrane potential (50, 72, 92).
Presynaptic structure and function of IHCs undergoes major development beyond the described changes in Ca 2+ channel expression. In immature IHCs, multiple round ribbons per synapse (Fig. 3) , sometimes not surrounded by synaptic vesicles (119, 120) , face extended postsynaptic contacts of branched type I SGNs that engulf the IHCs in a calyceal manner (Fig. 4D ). Morphological and functional maturation of afferent synapses continues until about 2-3 weeks of age.
During the first 3 days after birth IHCs show little Ca 2+ current and exocytosis.
Exocytosis seems to rely on a different set of synaptic proteins than later in development and in the mature organ of Corti (6) . Interestingly, these cells express the Ca 2+ binding protein synaptotagmin 2 (6, 100) and their exocytosis seems unaffected when the protein otoferlin (6), essential for later presynaptic function (102), is absent. The number of synapses peaks at around the end of the first postnatal week, when also exocytosis of IHCs reaches a maximum ( Fig. 4A) Interestingly, during the early stages of development (up to P5-6), the OHCs form as many ribbons per cell as IHCs, but lose most of them before the onset of hearing ( decrease of ribbon synapse number in mice between P7-8 and P14-15 ( Fig. 4B, D) (113) .
Establishment and refinement of efferent innervation
The formation of the efferent circuitry will only be briefly discussed here as it was reviewed in detail (115, 117) . Efferent fibers begin to invade the sensory epithelium as early as E14.5 (82) . At birth, axosomatic and axodendritic efferent synapses can be observed only around IHCs while OHCs are devoid of efferent innervation. At P7 the first axodendritic and at P9 the first axosomatic efferent synapses are found around OHCs (Fig. 3) (114) . The direct efferent innervation of IHCs declines around the onset of hearing (114) and functionally vanishes until the fourth postnatal week (Fig. 5B, (11) ). has not been unequivocally identified. As described above for afferent fibers, pruning probably takes place also during formation of the efferent circuit since plenty of synapses form and later disappear and, moreover, the elimination is accompanied by death of efferent neurons in the brainstem (16) .
Regulation of the circuit formation and refinement
Reviewing It was tempting to speculate that synaptic activity is a driving force for the establishment and/or refinement of the circuitry, since it becomes functional before, or nearly simultaneously with, the appearance of the very first synapses (8, 45) . Also, synaptic activity was shown to promote synaptogenesis in vitro (76) and circuit refinement in the auditory system (61) (for review see (47)) as well as in other systems in vivo (108) . However, recent studies on knock-out mice show that the afferent IHC circuitry develops (i.e. is established and refined) even in the absence of Ca 2+ action potentials (Fig. 5 C) (87) and IHC neurotransmitter release (Fig. 5 B) (106, 112) . This, to our knowledge, is the first example of activity-independent circuit development in vertebrates. The knock-out mice used in these studies are deaf due to the absence of either the pore forming calcium channel subunit (Ca V 1.3, providing calcium ions for synaptic vesicle exocytosis (11, 95) )) and the vesicular glutamate transporter (Vglut3, loading synaptic vesicles with neurotransmitter). Interestingly, the same knock-out animals give insights into the control of efferent IHC circuitry refinement: The loss of Vglut3 does not affect the developmental elimination of axosomatic efferent synapses on
IHCs (112), while in Ca V 1.3 -/-IHCs this innervation was retained until at least the fourth postnatal week (Fig. 5C ) (11, 87) . Therefore, it is likely that the elimination of the IHCs' axosomatic efferent synapses is promoted by Ca 2+ action potential firing, consistent with Ca 2+ signals being a well-known regulator of gene expression in neurons (24) .
Another factor driving maturation of the circuitry of the organ of Corti is thyroid hormone. It was shown that different models of hypothyroidism cause severe retardation of maturation of the afferent and efferent innervation of IHCs (113) and OHCs (104, 128) as well as failure to eliminate extranumerous SGNs (104) . While the formation of afferent synapses proceeds apparently unaltered, IHCs maintain their immature phenotype ( Fig. 5A ): high number (Fig. 4C ) of immature ( Fig. 4G ) afferent synapses, large Ca V 1.3 Ca 2+ currents (Fig. 4A) and Ca 2+ action potential firing (Fig. 4H, I , K) (12, 113) as well as the low Ca 2+ efficiency of exocytosis ( 5A ). Further insights into the regulation can be expected from mouse mutants for transmembrane cochlear-expressed gene 1 (TMC1) and Myosin VI (Fig. 5D) . TMC 1 is a transmembrane protein of hair cells important for hair cell maturation and survival (75) and hearing (9, 58, 74, 130) . IHCs of TMC1 mouse loss of function mutants maintain immature levels of Ca 2+ current and exocytosis and seem not to acquire BK and K V 7.4 channels (75). Myosin VI is a unconventional myosin required for hair cell maturation (38, 101) and hearing (3, 79) . Genetic inactivation impairs the maturation of afferent synapses and the developmental acquisition of BK and K V 7.4 channels (38, 101). It will be interesting to test in future studies whether TMC1 and Myosin VI are regulated by thyroid hormone and how they affect maturation.
Conclusions
In conclusion, the innervation of the organ of Corti provides a valuable model for
analyzing formation and refinement of neuronal circuitry: i) extranumerous synapses are formed; ii) appropriate connections mature; iii) inappropriate connections are eliminated.
Furthermore, the studies on this model show that both establishment and refinement of circuitry can be independent of synaptic activity, and demonstrate that thyroid hormone co-regulates the process of refinement. 
